The presence of large constitutive particles formed during solidification decreases the strength and hot workability of aluminum alloys especially when they are located in the grain boundary (GB) regions. Therefore, the evolution of these phases is a major issue in the homogenization process of these alloys. There is a lack of information on the behavior of the GB phases during homogenization, which constitute more than 70 pct of all the secondary phases present in the microstructure of AA7020 aluminum alloys. The dominant GB phase is identified to be Al 17 (Fe 3.2 Mn 0.8 )Si 2 . In the present research, a comprehensive study on the effect of the homogenization treatment on the evolution of the GB phases during homogenization was conducted. The analysis shows that the evolution of this phase is largely dependent on temperature, which ranges from spheroidization with insignificant dissolution at low temperatures to full dissolution during homogenization at high temperatures. A new mechanism for the dissolution of these phases called thinning, discontinuation, and full dissolution (TDFD) is proposed based on the findings of the field emission gun-scanning electron microscope (FEG-SEM) analysis.
I. INTRODUCTION
THE mechanical properties of aluminum alloys are largely dependent on alloying elements present in solid solution. These elements increase the strength mainly through solid solution or precipitation hardening. [1] During casting of aluminum alloys, a large fraction of alloying elements segregate to the liquid and form constitutive particles in the grain boundary (GB) regions or inside the grains. [2] These particles decrease the hot workability and, therefore, limit the range of process parameters applicable during subsequent extrusion. [3] It is well known that coarse residual particles (>1 lm) deteriorate the extrudability of these alloys especially when they are located in the GB regions. [4] [5] [6] [7] [8] [9] Therefore, it is necessary to dissolve these particles in the structure in order to attain high mechanical properties and extrudability.
Although there have been a number of investigations on the homogenization treatments of aluminum alloys in recent years, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] most of the efforts have been focused on the nature and evolution of the Al 2 Mg 3 Zn 3 (T), Al 2 CuMg (S), (CuZnAl) 2 Mg, and MgZn 2 (g) phases [10] [11] [12] [13] and the formation and distribution of dispersoids [14] [15] [16] [17] [18] [19] [20] during homogenization. In addition, in comparison with other aluminum alloys, the information on the 7XXX series aluminum alloys is rather scarce in the literature. Although some researchers have studied the microstructural changes and the evolution of the eutectic and low melting point phases during homogenization in the case of 7XXX series aluminum alloys, there is still a lack of information in the case of AA7020 aluminum alloy. Moreover, there is no comprehensive quantitative study on the dependence of the particles on homogenization treatment parameters. Most of the investigations have been focused on the qualitative studies of the microstructural evolution and phase transformations during homogenization. For example, Lim et al. [10] investigated the effects of constitutional changes and preheat conditions on the evolution of constitutive particles, the M, T, and S phases, and dispersoids in AA7175 and AA7050 alloys. Senkov et al. [21] studied the effect of homogenization treatment on the microstructural evolution of four newly developed 7XXX series aluminum alloys to obtain optimized conditions. Jackson and Sheppard [22] studied the effect of homogenization treatment on the microstructural changes of AA7075, 7150, and 7049. They focused on the evolution of the microstructure, low melting point phases, and the M, T, S, Al 3 Mg 2 (b), b, Al 18 Cr 2 Mg (E), and CrAl 7 phases. Fan et al. [23] studied the evolution of microstructure in an Al-Zn-Mg-Cu alloy during homogenization. Ciach et al. [24] conducted theoretical and experimental studies on the dendritic structure and its dissolution in aluminum-zinc alloys. However, the research on the commercially important AA7020 alloy is scarce. [3] No quantitative investigation on the evolution of GB phases in AA7020 during homogenization has been carried out.
The objectives of this research were to determine the effect of homogenization treatment on the evolution of the GB phases and to establish the correlations of the process parameters such as time and temperature with the fraction of these phases in the structure and the dissolution mechanism of the GB phases during homogenization. Thorough investigations were performed on the effect of homogenization treatment on the evolution of the GB phases using optical microscopy (OM), X-ray diffraction (XRD) analysis, and field emission gunscanning electron microscope (FEG-SEM), and the results were quantitatively analyzed. The dependence of the fraction of the GB phases in the structure on homogenization parameters was also investigated using various quantitative methods.
II. EXPERIMENTAL PROCEDURE
Cubic samples 0.02 m in size were cut from the center of a direct-chill (DC) cast AA7020 ingot. The chemical composition of the alloy is shown in Table I . Isothermal homogenization treatments were performed in a salt bath at temperatures of 390°C, 430°C, 470°C, 510°C, and 550°C for 2, 4, 8, 16, 24, and 48 hours. Following the heat treatment, the samples were quenched in water.
Optical microscopy was performed using an Olympus BX60M light microscope on the samples etched using Barker's etchant. The OM images were analyzed using the soft imaging software (SIS) image processor. Three samples in each homogenization condition were prepared and the analysis was performed on two images with approximately 62 mega pixel image quality, and the average value is reported. The differences between the measured data from different samples and different images are represented by error bars.
The samples were also examined using a JEOL* 6500 FEG-SEM. The optimum operating voltage for resolving the particles was found to be 10 kV, which ensured a sufficient penetration depth of electrons. The SEM images of the GB particles after different homogenization treatments were quantitatively analyzed to investigate the dissolution of the GB particles during homogenization. 20 GB particles were analyzed in each case, and the width was measured and the average value calculated. During homogenization at high temperatures, i.e., 510°C and 550°C, some of the GB particles were completely dissolved in the structure. The dissolved GB particles were also considered in the calculation with a null width. The average initial number density of the GB particles in 20 micrographs of the structure was counted to be 2AE10 9 /lm À2 . The average number density of the GB particles after homogenization was also counted employing the same method; if it was less than the average initial number density, which indicated the dissolution of some of the GB phases, a zero width was put.
Energy-dispersive X-ray analysis (EDX) was performed with an analyzer attached to the FEG-SEM to determine the chemical composition of the particles. In the case of small particles (<200 nm), the error in the measured composition using EDX was large due to the spread of electrons into the matrix lying underneath the particle. To decrease the error in the EDX measurements, the analysis was performed on TEM samples with an average thickness of 100 nm. Disks with a diameter of 3 mm were punched from the samples and ground down to less than 60 lm, followed by electropolishing in a double-jet polishing unit at 20 V in a solution of 30 pct nitric acid and 70 pct methanol cooled to À25°C. To determine the concentrations of the elements in the structure, the EDX analysis was performed at different positions of the TEM sample and an average of five measurements is reported.
A Bruker-AXS D5005 diffractometer with Cu K a1 wavelength was used to identify the phases present in the as-cast and as-homogenized conditions. Quantitative XRD (QXRD) analysis was performed using the direct comparison method [25] to estimate the weight percent of the phases in the structure. The application of this method requires the weight percent of the phase of interest (herein the GB phase) in the as-cast structure, as the baseline. To calculate the weight percent of the GB phases in the as-cast structure, the surface fraction of the GB phases was calculated using FEG-SEM together with EDX analysis. The analysis was performed on 20 images at a magnification of 1000 times, and all the particles present in each image were analyzed. Assuming a uniform distribution of the GB phases in the structure, the surface fraction can be approximated to be equal to the volume fraction. The volume fraction of the GB phases was converted to weight percent using the density of the GB phases (3709 kg/m 3 [26, 27] ) and the density of AA7020 aluminum alloy (2780 kg/m 3 [28] ). The only assumption made was the density of the other particles (a mixture of various phases) other than the GB phases being equal to the density of AA7020 aluminum alloy.
III. RESULTS

A. As-Cast Microstructure
Low and higher-magnification secondary electron FEG-SEM images of the as-cast microstructure of the AA7020 aluminum alloy are shown in Figure 1 . The constitutive particles elongated along the grain boundaries can be clearly seen. The average width of these GB phases is 640 nm. The perturbations on the surfaces of the GB phases are illustrated with arrows in Figure 1 (b). In order to determine the composition of these GB phases, EDX on more than 20 GB phases having the same morphology was performed. The results showed that the majority of the GB phases had the same composition, as given in Table II . The results of the image analysis indicated that the volume fraction of the GB phases was close to 7 pct. Therefore, it was possible to determine the identity of these phases using XRD analysis. [25] The results, shown in Figure 2 , illustrate that only one secondary phase could be detected, which was Al 17 (Fe 3.2 ,Mn 0.8 )Si 2 (PDF No. 01-071-4015 [26] ). Comparison of the XRD results with the EDX analysis, as given in Table II , shows good agreement.
B. Effect of Homogenization Figure 3 shows the optical microstructures of the material after 2 hours of homogenization at different temperatures. Homogenization at 390°C and 430°C led to an increase in the volume fraction of particles. At 470°C, the volume fraction appeared to be unchanged, while at 510°C and 550°C, it decreased. Figure 4 shows low and higher-magnification secondary electron FEG-SEM images of the dominant phases formed during homogenization at 390°C. The grain boundaries are still delineated by the GB phases, while the initial continuity of the GB phases shown in Figure 1(a) is deteriorated by spheroidization. Moreover, large needleshaped and round precipitates appear in the structure. Examples of these precipitates together with large Al-Fe-Si particles are illustrated in Figure 4 (b). These phases, as pointed out in Figure 4 (a), are dispersed inside the grains. The EDX analysis on more than 20 particles with the same morphology determined the chemical compositions of these precipitates, and the results are shown in Table III . It was possible to identify these compounds formed during homogenization at low temperatures using XRD analysis. The results illustrated in Figure 5 (a) show that, in addition to the previously present GB phases (Figure 2) , new phases are present in the homogenized microstructure, i.e., MgZn 2 (g) and Mg 2 Si (b) particles. However, the XRD pattern of the sample homogenized at 550°C, presented in Figure 5 (b), shows that no new phases have been formed during homogenization at these high temperatures, which is consistent with the results from the OM analysis shown in Figure 3 .
As-homogenized microstructure
It was also found that, even after homogenization at a high temperature, i.e., 550°C, some of the particles were not dissolved in the structure. These retained particles are mostly the GB phases and other particles, which together with their EDX spectrum are typically shown in 2. Quantitative analysis using OM Figure 7 shows the effect of homogenization time on the volume fraction of all the particles present in the structure. The calculation was based on the changes in the volume fraction of the particles in the structure typically presented in Figure 3 . It is clear that, at 390°C and 430°C, there is an increase in the fraction of particles, while at 510°C and 550°C, the fraction of the particles decreases, indicating dissolution. Figure 8 compares the strongest XRD peak and another one related to the GB phase in the AA7020 samples homogenized for 8 hours at different temperatures. This figure was obtained by focusing on the 41 to 44 deg Bragg's angle (2h) range in the XRD patterns, i.e., Figures 2 and 5 . Compared with the as-cast structure, it is obvious that the intensity of the peaks related to the GB phases in the samples homogenized at 390°C is almost unchanged, while at 430°C and 470°C, it is decreased slightly, which is directly related to the fraction of the GB phases, indicating that the fraction of the GB phases is almost unchanged. Homogenization treatment at higher temperatures, namely, 510°C and 550°C, resulted in a decrease in the intensity of the peaks related to the GB phases in the XRD pattern in comparison with the as-cast structure.
Quantitative XRD analysis
In order to quantify the results, the fraction of the GB phases in the structure after homogenization was calculated according to the results of the XRD analysis using the direct comparison method. [25] The initial fraction of the GB phases with respect to all of the secondary phases in the as-cast structure, which is necessary as the baseline for the direct comparison method, was calculated to be equal to 74 ± 3 wt pct by the methodology presented in the experimental procedure. Figure 9 illustrates the weight percent of the GB phases as a function of homogenization time at different temperatures. It can be seen that the fraction of the GB phases after homogenization at 390°C remains unchanged, and at 430°C, it is decreased slightly, which is not in agreement with the results of the quantitative optical microscopy (QOM) shown in Figure 7 . Therefore, in Figure 7 , as shown earlier, the increase in the fraction of phases during homogenization is due to the formation of new precipitates (g and b) and not the increase in the GB phases. However, at higher temperatures, the fraction of GB phases decreases, which is in line with the behavior shown in the QOM results.
Quantitative analysis using FEG-SEM
The measured average widths of the GB phases as a function of homogenization time are shown in Figure 10 . It can be seen that, at 390°C and 430°C, the average width of the GB phases is almost unchanged from the initial value. The minor variations in the width of the GB phases at these temperatures are within the margin of error. However, at higher temperatures, dissolution occurs, evidenced by the decreases in the width of the GB phases. It can also be seen in Figure 10 that the most rapid dissolution occurs at the first few hours of homogenization regardless of the treatment temperature. Moreover, the dissolution rate is much higher at 550°C.
Evolution of GB phases during homogenization
The evolution of a typical GB phase during homogenization at 390°C and 550°C is shown in Figures 11  and 12 , respectively. It is clear that the dominant process at lower temperatures is the spheroidization of the GB phases, while at higher temperatures, the decrease in the width of the GB phases is the main evolution process. 
IV. DISCUSSION
A. Effect of Homogenization Treatment on the Microstructure
As-homogenized microstructure
The investigations carried out using the FEG-SEM of the samples homogenized at 390°C and 430°C indicated the presence of needle-shaped and round precipitates, as shown in Figure 4 . The morphology of these particles and their chemical compositions indicated these particles to be MgZn 2 and Mg 2 Si precipitates, which is in agreement with References 29 through 31. The formation of these precipitates may be attributed to the supersaturation of the structure with alloying elements due to microsegregation during solidification with high cooling rates applied during DC casting. When the as-cast alloy is exposed to a homogenization treatment at a low temperature (<470°C), there is a tendency for the alloying elements to precipitate out. As the temperature increases (>470°C), the solubility of these elements in the a-Al matrix increase [32, 33] and the formation of new phases is not expected. Thus, it can be concluded that the formation of new phases or the dissolution of old ones depends primarily on the homogenization temperature.
Quantitative analysis using OM
The most noticeable outcome of Figure 7 is the increase in the fraction of all the particles during homogenization at low temperatures, which acts in contrary to the aim of the homogenization process. [3] This increase in the fraction of particles during the first 2 hours of homogenization at 390°C and 430°C, as shown in Figure 7 , is due to the formation of a significant number of new particles, namely, MgZn 2 (g) and Mg 2 Si (b). As stated previously, this finding indicates that part of the elements precipitate out by forming precipitates during the first 2 hours of homogenization.
To account for the dissolution of the GB phases, a study on the solubility limits of the elements composing the main GB phase, namely, Fe, Mn, and Si, is essential. The data on the solubility limits of the elements in Al-Mn-Fe-Si are scarce in the literature. [32] In this case, the solubility of the elements in Al in the four-component Al-Mn-Fe-Si regions adjacent to the ternary systems may be estimated, based on three-component regions of the Al-Fe-Mn, Al-Fe-Si, and Al-Mn-Si ternary systems. [32] Table IV shows the solid solubility limits of iron, manganese, and silicon in the fourcomponent Al-Fe-Mn-Si system at different temperatures. [32] It is clear that, at low temperatures, i.e., lower than 470°C, the solubility limits of the elements forming the GB components are small in the a-Al matrix. Therefore, considerable dissolution of the GB phases is not expected at these temperatures. This is in agreement with the results of the quantitative image analyses of the OM images, presented in Figure 7 . At higher temperatures, however, the solubility limits increase, as shown in Table IV , which indicates that most of the alloying elements along the GB phases are dissolved in the a-Al matrix. It is also clear that, even at such high temperatures (e.g., 550°C), the solubility limits of the elements in the Al matrix are less than the weight percentages of those elements in the composition of the alloy. Therefore, complete dissolution of all the GB phases is not expected even after holding for a long time. This explains the observation in Figure 3 (f) that there are still some GB phases remaining in the structure after homogenization at 550°C. The EDX analyses confirmed the existence of these phases even after homogenization at 550°C for 48 hours.
QXRD and quantitative FEG-SEM analysis
The benefit of using QXRD analysis is that the results obtained are primarily related to the GB phases while the QOM analysis includes the GB phases, the later formed g and b precipitates, and other particles present. In addition, QOM gives useful quantitative information on the amounts of the phases formed during homogenization. In Figure 7 , as discussed earlier, the increase in the fraction of phases during homogenization at low temperatures is due to the formation of new precipitates (g and b) rather than the increase in the GB phases. On the other hand, the volume fraction of the GB phases is almost unchanged, as shown in Figure 9 . Therefore, the difference between the results of QOM and QXRD in the fraction of the particles during homogenization at 390°C and 430°C is due to the difference mentioned previously. Consequently, the combination of the results of both of the quantitative instruments is essential to the investigation of the evolution of the microstructure during homogenization treatment.
The slight decrease in the fraction of the GB phases during homogenization at low temperatures means that the kinetics of the dissolution of these phases at these temperatures (<430°C) is relatively slow. Because the fraction of the GB phases decreases significantly at a homogenization temperature of 510°C and higher, it is concluded that, in order to dissolve the GB phases, applying a homogenization treatment at 510°C or higher is necessary.
In the case of quantitative FEG-SEM analysis (QSEM) analysis, an unchanged width means that no dissolution has occurred and any decrease in the widths of the GB phases is the result of dissolution. The general trend of the change in the width of the GB phases during homogenization using QSEM analysis ( Figure 10 ) agrees with that of the fractions of the phases from the QXRD analysis.
B. Mechanisms of the Evolution of the GB Phases during Homogenization
Unlike the evolution of other phases in different aluminum alloys, [2, 3, 22, 23] the evolution of the GB phases during homogenization, depending on the process parameters and the nature of the phases, may occur in the form of spheroidization or dissolution. The spheroidization mechanism of these phases is quite interesting. However, more interestingly, the dissolution of the GB phases obeys a specific dissolution mechanism introduced as the thinning, discontinuation, and full dissolution (TDFD) mechanism hereafter, which has not been reported elsewhere for aluminum alloys.
Spheroidization during homogenization at low temperatures
The analysis of the SEM images indicates that, although the fraction of the GB phases does not decrease during homogenization at 390°C, the morphological changes toward spheroidization take place, as can be seen in Figure 11 . The analysis of 20 pictures from the as-cast structure and the one homogenized at 390°C for 48 hours indicates that, after homogenization, the fraction of spheroidized particles increases 2 times compared with the as-cast structure. Because the GB phases are delineated along the grain boundaries as plates, spheroidization results in a decrease in their specific surface area, even though no changes have occurred in their actual volume fraction. Then, a decrease in the surface fraction of the GB phases is expected even without any changes in their volume fraction. Thus, the gradual decrease in the surface fraction of the GB phases in the samples homogenized at 390°C in Figure 7 from 4 to 48 hours is due to the spheroidization of the GB phases. The proposed mechanism of the spheroidization of the GB phases is illustrated in Figure 13 , based on the experimental observations from the FEG-SEM images (a typical one is shown in Figure 11 ). Figure 13(a) shows a GB phase with initial protrusions on its surface. Afterward, spheroidization occurs and the GB phase takes an ellipse shape (Figure 13(b) ). The spheroidization continues until the GB phase takes a spherical shape with protrusions on its surface (Figure 13(c) ), and the process ends with removal of the protrusions until the GB phase resembles a flat surface sphere ( Figure 13(d) ). The driving force for spheroidization is the decrease in the surface energy of the GB phases with decreasing interfacial length between the GB phases and the aluminum matrix. [2, 34] 2. TDFD during homogenization at high temperatures In order to understand the dissolution sequence of the GB phases at high homogenization temperatures, the evolution of a GB phase was investigated at different time intervals during homogenization at 550°C. It was found that the dissolution process started with the thinning of the GB phase without primary spheroidization. Figure 10 shows that the average width of the GB phase decreases from 640 to 130 nm when a homogenization treatment at 550°C for 48 hours is employed. The thinning process continues until the GB phase becomes discontinuous in some regions ( Figure 14 ) and, finally, the full dissolution of the GB phase occurs. The occurrence of discontinuities during spheroidization of eutectic phases has been reported elsewhere, for example, in Reference 35. However, the observation of discontinuities without primary spheroidization and their effects on the dissolution of the particles has not been reported.
The dissolution mechanism of the GB phases with its intermediate stages is schematically illustrated in Figure 15 . The driving force for this behavior is the increase in the solubility limits in the matrix at high temperatures and, therefore, the presence of concentration gradients of Mn, Fe, and Si in the structure. Figures 15(a) through (c) schematically illustrate the overall thinning process of the GB phases. Assuming that during homogenization an overall decrease in the width of the GB phase occurs at a constant rate in different regions regardless of the widths (Figures 15(a)  through (c) ), the parts having smaller widths meet each other sooner than other parts, as shown with arrows in Figure 15(d) . Therefore, the discontinuities (Figure 15(e) ) occur as a result of the inherent perturbations (Figure 1(b) ) of the surfaces of the GB phase, shown by arrows in Figure 15(a) . Afterward, the dissolution continues with the same mechanism occurring in the small parts until the GB phase disappears. The remaining perturbations, which help the continuation of the dissolution of the GB phase with the same mechanism, are shown in Figure 15 (e) with arrows.
V. CONCLUSIONS
The effect of the homogenization treatment of the AA7020 aluminum alloy at temperatures from 390°C to 550°C for 2 to 48 hours followed by water quenching on the evolution of the GB phases was investigated and the following conclusions have been drawn.
1. The particles along the grain boundaries (GB phase), which constitute more than 70 pct of the secondary phases present in the as-cast structure of the AA7020 aluminum alloy, are Al 17 (Fe 3.2 ,Mn 0.8 )Si 2 . 2. The increase in the fraction of intermetallic particles during homogenization at low temperatures is due to the formation of MgZn 2 (g) and Mg 2 Si (b) precipitates. At higher temperatures, however, the g and b precipitates do not form and instead most of the GB phases dissolve. 3. The width of the GB phases remains unchanged during homogenization at low temperatures. However, it decreases at higher temperatures. The extent of the dissolution is more dependent on homogenization temperature rather than time. 4. The evolution of the GB phases is largely dependent on temperature. The evolution mechanisms of the GB phases during homogenization consist of spheroidization during homogenization at low temperatures and TDFD at high temperatures.
